Introduction
Taxonomy of thermophilic, endospore-forming bacteria has evoked a great interest over the past few years [1] [2] [3] [4] [5] . Thermophilic endospore-formers constitute an excellent resource of biotechnologically important products and can be used as the producers of these proteins [6] [7] [8] [9] [10] . It is essential to monitor the purity of the protein-producing strains in these processes. Thermophilic, endosporeforming bacteria are also associated with heat-treated foods; spores of thermophilic Geobacillus species are a common contaminant of milk powder worldwide [11] . Hence, the monitoring and characterization of thermophilic microbial contamination are very important for both the food industry and biotechnology. In order to simply and effectively monitor the presence of certain species, or even strains of geobacilli, rapid, convenient and reliable methods of identification and genotyping are needed. A number of taxonomic markers (rpoB [12] , recA [13] , recN [14] , spo0A [15] ) were previously evaluated, but their sequences in Geobacillus were too conservative, and identification of more variable markers is needed.
Repetitive DNA is one of the promising variable targets in the development of the taxon-specific genotyping schemes in bacteria [16] . Previous studies have shown that primers targeting repeated sequences enhance the sensitivity of DNA detection in comparison with regular PCR [17] [18] [19] . Consequently, fewer copies of the DNA can be detected in the sample when using repeats-targeted PCR.
The aim of our study was to evaluate the possibility of using repetitive DNA for the taxonomy of Geobacillus. In this paper we report the analysis of tandem repeats (TRs) -repeats, which are made up of monomeric sequences of variable length, and are repeated periodically, with contiguous monomers arranged in a head-to-tail fashion [20] . Rocha et al. [21] showed that long repeats (≥22 nucleotides (nt) in length) are ubiquitous in bacteria. The sequences of these long repeats can be promising targets for the construction of oligonucleotides. In our work, we determined taxonspecific, long TRs of Geobacillus and used them for the construction of taxon-specific primers.
Experimental Procedures

Search and analysis of tandem repeats
The accession numbers of genomic sequences for the different geobacilli used for this study, as well as the 16S rRNA genes retrieved from these genomes, are listed in Table 1 . All the genomes were downloaded from the GenBank database.
Perfect TRs in the genomes were identified using the ATRhunter server (http://bioinfo.cs.technion.ac.il/ atrhunter, [22] ). Only repeats with a motif length of ≥20 nt were chosen for further work. This motif length was based on the assumption that these motifs can be used for the construction of oligonucleotides -primers and probes. The MEGA 5.05 program [23] was used for the analysis of the TRs. The following characteristics were determined for each repeat: 1) motif length; 2) copy number; 3) presence of the other, nonrepetitive, motif copies in the genome; 4) mosaic nature; 5) taxonspecificity.
In order to determine the taxon-specific repeats, all motifs were subjected to BLASTN searches. Genusspecific motifs were considered to be present only in the genomes of geobacilli and not in other prokaryotes. This analysis was further restricted by eliminating those motifs that were present as the shorter versions of the respective motifs in the genomes of other prokaryotes. Species-specific motifs were considered to be present in at least one genome of the particular species but not in other prokaryotes.
Construction of primers
Taxon-specific primers were designed using the PRIMERSELECT component of LASERGENE 6 (DNASTAR). The primers targeted the sequences of TRs. Specificity of the constructed primers was evaluated using the MFEprimer-2.0 server (http://biocompute. bmi.ac.cn/CZlab/MFEprimer-2.0, [24] 
Evaluation of the exact taxonomic position of strains
The 16S rRNA gene sequences were aligned using the MEGA 5.05 program [23] . The size of the 16S rRNA gene used for the alignment was 1393 nt. A phylogenetic tree was constructed using the MEGA 5.05 program by the neighbor-joining method [25] ; the pairwise-deletion option was used. A bootstrap analysis of the neighborjoining data, using 1000 resamplings, was carried out in order to evaluate the validity and reliability of the tree topology. The tree was rooted using the 16S rRNA gene sequence of Aeribacillus pallidus DSM 3670 T as an outgroup. Signature sequences of the intergenic spacers between the tRNA Ile and tRNA Ala genes were analysed according to Kuisiene et al. [26] .
Results
Overview of the strategy of TRs analysis
The aim of our work was to evaluate the possibility of using repetitive DNA for the taxonomy of Geobacillus. Analysis of long, perfect TRs was chosen for this study. This choice was made on the assumption that: 1) the long repeats could be potentially used for the construction of the taxonspecific oligonucleotides; 2) the perfect repeats-targeting primers will be more specific than the approximate repeats-targeting ones; 3) the tandem repeats-targeting primers will give more PCR products than the non-tandem repeats-targeting ones. The mosaic nature of the motifs was also examined, as this information is very important for the construction of the oligonucleotides.
ATRhunter was used for the search of the long perfect TRs in the completely sequenced genomes of geobacilli. ATRhunter was chosen for its capability to find more TRs with namely long motifs compared with other programs [22] . The vast majority of the identified TRs contained two motif copies per repeat and the motifs were 1-9 nt in length (data not shown). In further work, we focused on the longer TRs with the ≥20 nt in motif length.
Taxonomic analysis of Geobacillus sp. with the completely sequenced genomes
One of the aims of our work was to determine genus-and species-specific TRs, but this was problematic as not all completely sequenced Geobacillus strains were identified to the species level. These strains were Geobacillus sp. Based upon the results from our taxonomic analysis, TRs could be analysed and compared in five different Geobacillus species: G. thermocatenulatus (the genomes of strains C56-T3, Y412MC52 and Y412MC61), G. thermodenitrificans (the genome of strain NG80-2), G. thermoglucosidasius (the genomes of strains C56-YS93 and Y4.1MC1), G. thermoleovorans (the genomes of strains CCB_US3_UF5 and HTA426) and G. toebii (the genome of strain WCH70). Geobacillus kaustophilus HTA426 could be reclassified as G. thermoleovorans HTA426 according to Dinsdale et al. [3] (Figure 1 ).
The abundance and length of long repeats in the genomes of geobacilli
The genome of G. thermodenitrificans NG80-2 was found to possess 11 different TRs ( Table 2 ). All TRs contained 2 perfect motif copies, and only 2 motifs were also found as single copies in other loci of this genome. The number of TRs in the genomes of G. thermoglucosidasius (C56-YS93 and Y4.1MC1) was comparable with the number from G. thermodenitrificans NG80-2, i.e. 13 and 9 TRs, respectively ( Table 2 ). All TRs contained 2 perfect motif copies. Three motifs constituting the TRs in G. thermoglucosidasius C56-YS93 were identified as single motif copies in another G. thermoglucosidasius genome -Y4.1MC1. No motifs of the G. thermoglucosidasius TRs have been found as a single copy in another locus of the same genome. In total, 21 different TRs have been found in G. thermoglucosidasius. One TR with the motif 5'-TTG TCC AAA ACA CTG TCC AAA ACA-3' was found to be common to both G. thermoglucosidasius genomes.
Twenty-three different TRs were identified in the genome of G. toebii WCH70 ( Table 2 ). The longest motif found was 425 nt in length. This is the longest motif we have found across all the geobacilli genomes. The TRs of strain WCH70 had 2-4 motif copies, and only the TR of the plasmid pWCH7002 was composed of 5 motif copies. Only one motif was also found as a single copy in the other genomic locus.
Concerning the number of TRs per genome, the record-holder was the genome of G. thermoleovorans HTA426. This genome contained 40 TRs (Table 2) . In contrast, the other G. thermoleovorans genome, CCB_US3_UF5, possessed only 26 TRs ( Table 2 ). The TRs of the genomes of G. thermoleovorans had 2-4 motif copies, and only the genome of strain HTA426 had 2 TRs composed of 5 motif copies. In contrast to the genome of G. toebii WCH70, these 5 copies were detected in the chromosome, not in the plasmid. In total, 59 different TRs were determined in both genomes of G. TRs, found in one genome, were determined as single copy motifs in the other genome of G. thermoleovorans. It should be noted that every TR was detected in the single locus in the genomes of all geobacilli. The only exception was the genome of HTA426. Two TRs in the latter genome were detected as the two independent tandems in different loci.
The TRs of two G. thermocatenulatus genomes (Y412MC52 and Y412MC61) were similar. These genomes had 34 and 32 TRs respectively ( Table 2 ). The genome of G. thermocatenulatus C56-T3 had only 21 TRs (Table 2 ). In total, 59 different TRs were identified in the genomes of G. thermocatenulatus, comparable with that of G. thermoleovorans. No common motifs for all three genomes were identified, although the genomes of Y412MC52 and Y412MC61 shared 28 identical TRs. The motifs from six of these identical TRs were single copies in the genome of C56-T3. Almost all TRs of G. thermocatenulatus were composed of 2-3 motif copies. The exceptions were two TRs of 5 copies in the genomes of Y412MC52 and Y412MC61 and two TRs of 8 copies in the genome of C56-T3. Total of ≥20
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G -Geobacillus.
Geobacillus genus-and species-specific tandem repeats
In order to determine Geobacillus genus-and speciesspecific TRs, BLASTN searches were performed. In total, 33 Geobacillus genus-specific motifs were identified ( Table 3, Table 4 ); 15 motifs were speciesspecific ( Table 3) . Geobacillus thermoglucosidasius had the largest number (6) of the species-specific motifs. All genus-specific motifs for this species were not mosaic ( Table 3) . Geobacillus thermocatenulatus had 4 speciesspecific motifs, while G. thermoleovorans had none. The genus-specific motifs for these two species were the most intriguing. Geobacillus thermoleovoranas and G. thermocatenulatus shared 15 genus-specific motifs (Table 4 ). These 15 motifs were detected only in the genomes of these two phylogenetically closely related species ( Figure 1) ; no other Geobacillus species was found to possess these motifs. It should be noted that 8 out of these 15 motifs were not mosaic and could potentially be used for the construction of the oligonucleotides.
It is interesting to note the presence of the common motifs in the genomes of G. thermoleovorans and G. toebii WCH70. These motifs were not genus-specific. The motifs of 4 TRs of G. toebii were detected as single copies in the genomes of G. thermoleovorans. On the contrary, 3 TRs of G. thermoleovorans were detected as single copies in the genome of G. toebii.
Construction and validation of the taxonspecific primers
Genus-, species-and species cluster-specific motifs (Table 3, Table 4 ) as well as the longest motifs (Table 2) were used for the construction of the taxonspecific primers. Specificity of the constructed primers was evaluated using the MFEprimer-2.0 server, and only in silico genus-and species-specific primers were validated by PCR. Phylogenetically related A. tepidamans DSM 16325 T and C. debilis DSM 16016 T , previously Geobacillus tepidamans and Geobacillus debilis [5] , were used to reveal whether the primers were indeed genus-specific.
The largest primer set was constructed for G. toebii WCH70 (Table 5 ). Four primer pairs were designed based on the sequences of the longest motifs, and one pair of the primers targeted the shorter motifs of different TRs. Although all the target motifs were not species-specific, three primer pairs were highly specific. It should be noted that the length of the obtained PCR products was not in accordance with the length of the expected ones (Table 5, Figure 2 T was used as the template (Table 5) . Two primer pairs were designed for G. thermodenitrificans NG80-2 (Table 5) . Both pairs targeted different TRs with the genus-and speciesspecific motifs ( Table 3 ). The first primer pair (NG802-dif-F12R1) was specific for G. thermodenitrificans DSM 465 T , while the second pair (NG802-dif-F12R2) also amplified G. thermoleovorans DSM 5366 T and G. toebii DSM 14590 T (Table 5, Figure 2 ). As the forward primer was the same in both primer pairs, it can be concluded that the reverse primer NG802-dif-R1 was speciesspecific, while the primer NG802-dif-R2 was not. For G. thermodenitrificans DSM 465 T , the size of the obtained PCR products was in accordance with the expected one, but in both cases one more larger PCR product was detected (Table 5, Figure 2) . Two primer pairs were designed for each of the two genomes of G. thermoglucosidasius. Both primer pairs were constructed based on the sequences of the longest motifs. Furthermore, the motif of strain C56-YS93 was determined to be species-specific (Table 3) . Despite this, PCR products were obtained not only for G. thermoglucosidasius DSM 2542 T , but also for G. toebii DSM 14590 T (Table 5 , Figure 2 ). Furthermore, amplification using the primer pair Y41MC1-133-F1R1 revealed that this primer pair was not genusspecific (Table 5, Figure 2 ). It should be noted that G. thermoglucosidasius DSM 2542 T PCR products were larger than the expected ones.
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Discussion
The aim of our study was to evaluate the possibility of using repetitive DNA for the taxonomy of Geobacillus. Although repetitive DNA is quite often used for the genotyping of the medically important microorganisms [27, 28] , the data on the use of repeats for the taxonomy of nonpathogenic bacteria are scarce. To our knowledge, the first and only report on the analysis of repetitive DNA of the biotechnologically important genus Geobacillus was published at the time of this manuscript's preparation [29] . While Seale et al. exploited high-resolution melt analysis of multiple variable-number TR loci for the genotyping of geobacilli, the main objective of our work was to find Geobacillus genus and species-specific TRs.
In total, 33 Geobacillus genus-specific motifs were determined;15 were species-specific and 15 -species cluster-specific. Three of the motifs were genus-, but not species-or species cluster-specific. All motifs, together with the longest TR motifs (≥100 nt), were used for the construction of primers. Motifs with a length range of 20-99 nt were also tested in different combinations, but we were successful only in the case of G. toebii WCH70 -the primer pair WCH70-dif-F1R1 was constructed on the shorter overlapping TRs. Short expected PCR products (<100nt) prevented the design of primers. This minimum PCR product length was defined to avoid confusion with the primer dimmers during further analysis of the PCR products by electrophoresis. The mosaic nature of some motifs also hampered construction of the primers. Table 4 . Geobacillus thermoleovorans-Geobacillus thermocatenulatus species cluster-specific motifs of the tandem repeats. were not the same strains with completed genome sequences available. This approach allowed us to both validate the specificity of the primers and reveal the distribution of TRs in the different strains of the particular species. Our analysis in silico showed that different strains of the same species (G. thermoleovorans, G. thermocatenulatus, G. thermoglucosidasius) shared a very small portion of identical TRs. Only one TR out of 21 was common to both genomes of G. thermoglucosidasius and only seven TRs out of 59 were common to both genomes of G. thermoleovorans. No common motifs were determined for all three genomes of G. thermocatenulatus. On the other hand, we determined that some TRs found in one genome were detected as single copy motifs in the other genome of the same species. These single copies, present at different loci in different strains, can also be the targets for PCR. In this case, products of amplification could differ from the size of the expected PCR products. In order to test this hypothesis, analysis of a larger collection of strains would be desirable.
Validation of the constructed taxon-specific primers showed that all except for one primer pair were Geobacillus genus-specific, as amplification products were not obtained for the genomic DNA of A. tepidamans DSM 16325 T and C. debilis DSM 16016 T . The exception was the primer pair Y41MC1-133-F1R1, designed on the TR of G. thermoglucosidasius Y4.1MC1. Amplification using this primer pair was also successful for the thermophilic A. tepidamans DSM 16325 T . Only 4 primer pairs have been determined as species-specific: 3 pairs -G. toebii-specific, and 1 pair -G. thermodenitrificans-specific.
In most cases, the obtained PCR products were single and larger than the expected ones suggesting the presence of the additional motif copies in the genomes of the tested strains. The size of the obtained PCR products matched the size of the expected ones only for G. thermodenitrificans. Additionally, one larger band of the PCR products of this species was detected by electrophoresis. This could be caused by the additional copies of the respective motifs in the genome of G. thermodenitrificans DSM 465 T . On the other hand, formation of heteroduplexes also cannot be excluded. Heteroduplex formation is known for the amplified 16S-23S rRNA internal transcribed spacers and depends on the cross-hybridization between amplicons of the spacers of different length but with identical 5' and 3' ends [30] . Heteroduplex formation increases the discriminatory power of the ribosomal intergenic spacer analysis (RISA), but the use of TRs PCR in genotyping of Geobacillus, and G. thermodenitrificans particularly, and the potential of the aforementioned additional amplicons should be retested with a larger collection of strains.
In conclusion, our results showed that repetitive DNA can be used in the taxonomy of Geobacillus. Geobacillus taxon-specific motifs can be used for the design of the oligonucleotides to use both alone or in combination with the oligonucleotides targeting other taxonomic markers. We successfully identified genus-, species-and species cluster-specific TRs and used some of them for the construction of the primer pairs. Out of 12 designed primer pairs, 11 were genus-specific and 4 -species-specific. Speciesspecific primers were successfully constructed for the clearly phylogenetically defined species G. thermodenitrificans and G. toebii.
